INTRODUCTION
Steel-concrete composite (SCC) structures used in building and bridge construction are subjected to various kinds of dynamic loadings, such as earthquakes, wind, machine induced vibrations, and traffic loads.
Among the various models available for the analysis of composite structures (Spacone and El-Tawil 2004) , frame models allow to obtain significant information at reasonable computational cost compared to more sophisticated two-dimensional (plate/shell) and three-dimensional (solid) finite element (FE) models. Even if frame elements can only account approximately for local effects (e.g., shear lag, local instabilities in the compressed portion of the steel beam, cracking and crushing of concrete), good test-analysis correlation results were obtained by a number of researchers (e.g., Liew et al. 2001, Kim and Engelhardt 2005) for quasi-static tests and global response quantities. As an extension of conventional monolithic beam models, beams with deformable shear connection were specifically introduced and adopted for the analysis of SCC beams. Flexible shear connectors allow development of partial composite action (Viest et al. 1997, Oehlers and Bradford 2000) , influencing structural deformation and distribution of stresses under service and ulti-3 mate load conditions. Furthermore, the shear connection can be responsible for collapse, e.g., when partial shear connection design is adopted, connectors fail due to limited ductility. Consequently, a composite beam model with deformable shear connection has some important advantages over the common EulerBernoulli monolithic beam model, i.e., (i) it allows a more accurate modeling of the structural behavior, (ii) it provides information on the slab-beam interface slip and shear force behavior, (iii) it permits to evaluate the effects of the interface slip on stress distribution, and (iv) it enables to model damage and failure of the connectors. Up to date, applications of beam elements with deformable shear connections to the analysis of SCC frames have mainly been limited to quasi-static behavior, with recent work by Dissanayake et al. (2000) , Ayoub and Filippou (2000) , and Salari and Spacone (2001) . On the other hand, there is limited experience on nonlinear dynamic analysis of SCC frames based on beam elements with deformable shear connection (Bursi et al. 2005) . Furthermore, some modeling aspects deserve further investigation. In fact, the use of beams with deformable shear connection in the analysis of frame structures raises very specific modeling issues, such as the characterization of the cyclic behavior of the deformable shear connection and the assembly of composite beam elements with conventional beam-column elements. In addition, the influence of various factors (e.g., shear connection boundary conditions, mass distribution between the two components of the composite beam) on the dynamic response of SCC frame structures needs to be better understood through a systematic parametric study.
The objective of this paper is to provide deeper insight into eigen-analysis and nonlinear dynamic analysis results of SCC structures and how different modeling assumptions affect these results. For this purpose, a materially-nonlinear-only FE formulation for static and dynamic analysis of SCC structures using displacement-based locking-free elements with deformable shear connection (Dall'Asta and Zona 2002) is employed. However, the results obtained are not necessary limited to displacement-based formulations and can be extended to mixed (Dall'Asta and Zona 2004a, Barbato et al. 2007 ) and force-based elements (Salari and Spacone 2001) . Realistic uni-axial cyclic constitutive laws are adopted for the steel and concrete materials of the beams and columns and for the shear connection. The FE simulated cyclic response of a 4 SCC frame structure sub-assembly is validated through comparison with quasi-static experimental test results (Bursi and Gramola 2000) . Then, eigen-analysis and nonlinear dynamic seismic analysis results of two-dimensional moment resisting frames made of steel columns and composite beams are provided.
These results and their discussion focus on: (i) the influence of partial composite action on the dynamic nonlinear analysis of SCC frames; (ii) the effects of different modeling assumptions related to SCC structures; and (iii) modeling recommendations for SCC structures based on their construction details.
FINITE ELEMENT MODELING OF STEEL-CONCRETE COMPOSITE FRAMES

Beam model with deformable shear connection
The formulation for two-dimensional beams with deformable shear connection is based on the Newmark et al. (1951) model (Fig. 1) in which (i) Euler-Bernoulli beam theory (in small deformations) applies to both components of the composite beam, and (ii) the deformable shear connection is represented by an interface model with distributed bond allowing interlayer slip and enforcing contact between the steel and concrete components.
A local orthogonal reference frame {O; X,Y,Z} is introduced: the Z-axis is parallel to the beam axis and the vertical plane YZ is the plane of geometrical and material symmetry of the cross section (Fig. 1) . Loads are also assumed symmetric with respect to the YZ plane. The displacement field u of a material point of the beam is given by on A α (α = 1, 2)
where w α is the axial displacement of the reference point of domain A α , the ordinate of which is y α (α = 1:
concrete slab, α = 2: steel beam), v is the vertical displacement of the cross section, and j and k denote the unit vectors along the Y-and Z-axes, respectively. It is observed that the transverse displacements and rotations of the slab and of the steel beam are equal due to the enforced contact between the two components.
The only non-zero strain components are the axial strain ε zα and the interface slip δ:
where h = y 2 -y 1 is the distance between the reference points (G 1 and G 2 in Fig. 1 ) of the two components.
At the locations of the longitudinal reinforcement, Eq. (2) also provides the strain in the reinforcement, due to the assumption of perfect bond between steel and concrete.
Finite Element Formulations
Different FE formulations were developed based on Newmark's kinematics (Newmark et al. 1951 ), e.g., displacement-based elements (Daniels and Crisinel 1993, Dall'Asta and Zona 2002) , strain-based elements (Cas et al. 2004) , two-field (Ayoub and Filippou 2000) and three-field (Dall'Asta and Zona 2004a) mixed elements, and force based elements (Salari and Spacone 2001) . The present study makes use of a simple and effective two-dimensional 10 nodal degrees-of-freedom (DOFs) displacement-based SCC frame element with deformable shear connection (Dall'Asta and Zona 2002) . Eight DOFs are external, i.e., four DOFs per end node (axial displacement, transverse displacement and rotation of the steel beam and axial displacement of the concrete slab), while the remaining two are internal, i.e., axial displacement of the concrete slab and axial displacement of the steel beam (Fig. 2) . A useful feature implemented in the frame element adopted is an internal constraint that can be introduced at each SCC beam end independently to enforce zero slip between the steel beam and concrete slab components ). This lockingfree element (Dall'Asta and Zona 2004b) was proven to produce accurate results provided that a sufficiently refined mesh is adopted (Dall'Asta and Zona 2004c). The same element was employed for finite element response sensitivity analysis of SCC structures (Zona et al. 2005) under both monotonic and cyclic loading conditions. Results and observations in the present paper are, however, not restricted to the specific finite element used.
Finite element assembly
The assembly of composite beam elements (four DOFs per end node in a two-dimensional formulation) with conventional beam-column elements (three DOFs per end node in a two-dimensional formulation)
gives raise to some specific issues ). In this study, different assembly configurations are considered and implemented, corresponding to both common and less common situations in SSC frames . Rigid beam-to-column connections only are considered. Nevertheless, extension to semi-rigid connections is possible by introducing special joint elements with prescribed constitutive behavior.
Modeling of inertia and damping properties
In this study, the inertia properties are modeled via translational (horizontal and vertical) masses lumped at the DOFs of the frame elements' external nodes . Thus the inertia properties of the finite element model are independent of the type of finite elements employed, i.e., the same structure mass matrix is obtained using displacement-based, force-based or mixed-formulation frame elements.
Information about damping properties of SCC frame structures inferred from experimental dynamic data is very limited Gramola 2000, Dall'Asta et al. 2005) . Friction between steel beams and concrete slabs may be a strong source of structural damping in SCC structures. However, due to lack of quantitative information about this energy dissipating mechanism, preference is given in this study to the well-known and widely used Rayleigh damping model (Chopra 2001) , for which it is sufficient to specify a damping ratio at two distinct (modal) frequencies. The Rayleigh damping matrix used herein is proportional to the mass matrix and initial stiffness matrix.
HYSTERETIC MODELING OF STRUCTURAL MATERIALS AND SHEAR CONNECTION
Steel constitutive law
The selected constitutive law for the steel material (reinforcement and beam steel) is the uni-axial Mene-gotto-Pinto (1973) constitutive model, a computationally efficient nonlinear smooth law capable to model both kinematic and isotropic hardening (Filippou et al. 1983 ) and Bauschinger effect, and able to reproduce experimental results very closely. Further details on the model and its numerical implementation can be found in (Menegotto and Pinto 1973, Filippou et al.1983) and (Barbato and Conte 2006) , where the model is extended for finite element response sensitivity computation. A typical cyclic response of the steel material model adopted herein for the reinforcement steel is shown in Fig. 3 .
Concrete constitutive law
The selected constitutive law for the concrete material is a uniaxial cyclic law with monotonic envelope defined by the Popovics-Saenz law (Balan et al. 1997 (Balan et al. , 2001 ). The implemented cyclic behavior is characterized by linear unloading-reloading branches with progressively degrading stiffness. After each unloading/reloading sequence, the monotonic envelope is reached again when the absolute value of the largest compressive strain attained so far is surpassed. The concrete in tension follows the same equations and set of loading/unloading/reloading rules as in compression with the same initial stiffness and appropriate values for the other parameters. A complete description of the monotonic and cyclic behavior is given in . A typical cyclic response of the concrete material model adopted in this study for the concrete slabs is shown in Fig. 4 .
Shear connection constitutive law
The cyclic constitutive law used for the shear connection uses as monotonic envelope a function specifically introduced by Ollgaard et al. (1971) for describing the nonlinear behavior of stud shear connectors in SCC beams. The Ollgaard et al. (1971) Since the stiffness at the origin is infinite when , in order to avoid numerical problems, the exponential law is substituted with a linear path (with stiffness k a ) from the origin to an assigned slip (very small compared to ). The monotonic envelope description is completed by the definition of an ultimate slip, . After the maximum absolute value of the slip reaches the ultimate slip, the shear force-slip behavior follows zero-stiffness branches with constant shear force , where = friction (residual shear force).
The implemented cyclic behavior is an idealization of the experimentally observed behavioral trend (e.g., Bursi and Gramola 1999) and its detailed formulation can be found in ). 
COMPUTER IMPLEMENTATION
The above formulation for finite element response analysis using SCC frame elements with deformable Taking advantage of the modularity of FEDEASLab, the existing element, section, and material libraries were extended (i.e., 10-DOF displacement-based composite beam element, composite cross-section with symmetrical and non-symmetrical steel I-beams, new cyclic concrete and shear connection material models) to enable accurate modeling and response simulation of SCC structures. These finite element libraries can be easily updated and/or extended to reflect the state-of-the-art in modeling such structures.
MODEL VALIDATION THROUGH TEST-ANALYSIS COMPARISON STUDY
The benchmark problem used to validate the type of numerical model of SCC structures used in this study is a frame sub-assemblage tested by Bursi and Gramola (2000) under quasi-static cyclic loading (Fig. 6 ).
The frame sub-assemblage, denoted as IPC (intermediate partial connection), is made of a 4.00 m long SCC beam composed of a European IPE300 steel beam and a reinforced concrete slab 1200 mm wide, and a steel column (European HE360B section). For the composite beam, shear-lag effects are considered in a simplified way reducing the slab width to 820 mm constant along the beam. The reader is referred to (Bursi and Gramola 2000) for details regarding the geometry, material properties, and loading history.
The IPC frame is discretized into five 10-DOF composite frame elements of equal length for the beam and one monolithic frame element for the column. The computed load-deflection curve is shown in Fig. 7 ,
where it is compared with the experimental results. It is observed that the analytical and experimental results are in very good agreement, despite the fact that the finite element model used does not incorporate the effects of local buckling which was experienced by the bottom flange and the web of the steel beam during the push phase of the cyclic loading (last two cycles).
In a previous study by the authors on finite element response sensitivity analysis (Zona et al. 2005) , the same test structure was analyzed with the only difference that another constitutive law (J 2 plasticity model) was adopted for the steel. By comparing the previous and present results, it is observed that the Menegotto-the experimental results.
It is also worth mentioning that the numerical model used in this study for SCC structures was also validated through comparisons with experimental results from tests on continuous beams under monotonic loadings (Zona et al. 2005) .
DYNAMIC RESPONSE SIMULATION OF SCC FRAME STRUCTURES
Description of the SCC frames analyzed
The basic testbed SCC frame structure considered in this section is a realistic 5-story 2-bay moment resisting frame made of steel columns and composite beams ( The shear connection was designed using the plastic approach of Eurocode 4 (CEN 2004a). For the sake of simplicity, the shear connection strength was taken as constant along all composite beams. Three strength levels of the shear connection are considered in this study: (i) the minimum strength for full shear connection (i.e., the ultimate strength of the composite section is not affected by the shear connectors), denoted as f sref and assumed as basic connection strength ( ); (ii) a partial shear connection (i.e., the ultimate strength of the beam depends on the strength of the shear connection) with ψ = 0.6 ; (iii) a full shear connection with a higher degree of interaction (ψ = 1.4), i.e., less interface slip, than for ψ = 1. The values of the shear connection constitutive parameters used in this study are reported in Table 1 .
For each of the three degrees of shear connection (i.e., shear connection strength levels), several finite element frame models are used. In all finite element models used in this study, each beam (between two adjacent columns) is discretized into four 10-DOF composite frame elements, and each column (between two adjacent floors) into two conventional displacement-based Euler-Bernoulli (monolithic) frame elements.
The finite element models differ in mass distributions and slip boundary conditions as described below.
Three different distributions of the mass equivalent to the permanent load G are considered: (i) mass applied to the slab component only (i.e., permanent load acting directly on the slab, for example applied directly on the floor); (ii) mass applied to the steel beam component only (i.e., permanent load acting directly on the steel beams, for example attached to the ceiling); and (iii) mass evenly divided between the slab and steel beam components (i.e., a combination of the two previous cases). The mass equivalent to the self-weight of the SCC beams is distributed between the slab and beam DOFs according to the their actual mass. The mass equivalent to the live load Q is assigned entirely to the slab DOFs. In this way, the present study aims at describing and quantifying the influence of different realistic mass distributions on the dynamic properties and seismic response behavior of finite element frame models which include composite beams with deformable shear connection. It is worth noting that the total mass assigned to each SCC beam (and column) of the FE model is the same in all three cases.
Three different slip boundary conditions are considered for each frame design: (i) slip restrained at every beam-column joint (i.e., the relative slip between slab and steel beam is prevented at the face of every column); (ii) slip restrained at the central beam-column joints only (i.e., relative slip between slab and steel beam is prevented at the face of the central column only); (iii) slip free at each joint (i.e., due to sufficient space between columns and slabs, relative slip between slab and steel beam is nor prevented). Slip con-
straints are not applied to the SCC beams at the roof level where the slab is free to slip.
Overall, a set of 27 finite element models including beams with deformable shear connection was studied.
These models are identified with two digits followed by two letters: the digits indicate the degree of shear connection (i.e., 10 for ψ = 1.0, 06 for ψ = 0.6, and 14 for ψ = 1.4); the first letter indicates the mass distribution (i.e., "permanent/dead load" mass evenly distributed between the slab and steel beam components (T), applied to the slab only (S), and applied to the steel beam only (B)); and the second letter defines the slip boundary condition (i.e., A for slip prevented in all beam-column joints, C for slip prevented in the central beam-column joints only, and N for free slip condition). The FE frame models studied are listed in the first column of Table 2 . In addition, a finite element frame model with conventional Euler-Bernoulli monolithic beams (i.e., equivalent to full shear interaction and full shear connection ) was included in this study for comparison purposes. This latter frame model does not require a definition of mass distribution and slip boundary conditions.
Vibration analysis
A vibration analysis of the SCC frame structure was performed for all three shear connection strength levels based on the different finite element models defined in the section above. These eigen-analyses are based on the structure inertia properties previously defined and the tangent stiffness properties of the structural materials after application of the gravity loads (i.e., self weight, permanent and live loads). The natural period of vibration and modal participating mass ratio (for the horizontal direction) computed for the lowest three vibration modes are reported in Table 2 . The lowest three vibration modes are typical lateral flexural modes of frame-type structures and their modal participating masses in the horizontal direction account cumulatively for over 95% of the total mass of the structure (between a minimum of 95.03% for the monolithic frame model and a maximum of 96.10% for models 10SA, 14TA, 14SA and 14BA), while less than 1% of the vertical mass of the structure is activated by these three modes. Small variations of the modal periods are observed with changing shear connection stiffness (about 3% decrease in the first mode period from ψ = 0.6 to ψ = 1.4): slightly longer periods are obtained for the frame with lower shear connec-ψ ∞ = 13 tion stiffness due to its increased flexibility (see Table 1 for shear connection initial stiffness values). It could be verified that with increasing shear connection strength (and therefore initial stiffness), the modal periods computed based on the frame model with deformable shear connection tend asymptotically to those obtained from the monolithic frame model (i.e., with rigid shear connection). The results about the effects of the shear connection strength/stiffness on the modal periods obtained in this study are consistent with those presented in (Bursi et al. 2005 ). The results in Table 2 also show that the mass distribution between the slab and steel beam components of the SCC beams has negligible influence on the frame natural periods for the lowest three vibration modes. On the other hand, the slip boundary condition at beamcolumn joints has a non-negligible effect on the lowest three natural periods (e.g., difference of 9.4% for the period of the first mode between a model without slip constraint and a model with slip constraint at each beam-column joint). In terms of modal participating mass ratio, the differences between the various FE models considered are always very small (less than 1%).
Nonlinear earthquake response analysis
After quasi-static application of a vertical distributed load of 26.36 kN/m representing self weight, permanent and live loads, four nonlinear dynamic analyses were carried out for each frame model considered by using two ground motion accelerograms and two different levels of viscous damping in the structure. The two historic earthquake accelerograms used as base excitation are: (i) the 1994 Northridge earthquake recorded at the Pacoima Dam station with a peak ground acceleration (PGA) of 1.585g, corresponding to a return period of about 180 years (at the recording site), and (ii) the 1979 Imperial Valley earthquake recorded at the Bonds Corner station with PGA = 0.775g, corresponding to a return period of about 40 years (at the recording site). The two different damping ratios are: (i) ξ = 0.01 and (ii) ξ = 0.05 at both the first and third vibration modes of the structure ( Table 2 ). The constant average acceleration method, belonging to the family of Newmark-β methods (Chopra 2001) , was used as solution method with a constant time step Δt = 0.005s in all the nonlinear dynamic analyses performed. The corresponding set of nonlinear algebraic equations was solved iteratively using Newton's method (Chopra 2001) . Due to space limitation, in the sequel only selective results are presented. More results can be found in ).
Global response results
Selected time histories for the horizontal displacement of the left column at the roof level (z = 15 m) are reported in Figs. 9 through 12 . The results shown in Figs. 9 through 11 correspond to the Northridge seismic input, while Fig. 12 relates to the Imperial Valley seismic input. Unless otherwise specified, the assumed damping ratio at the first and third modes is ξ = 0.05. The positive and negative peak horizontal roof displacements are reported in Table 3 for selected frame models.
In Fig. 9 , the response of the frame model with rigid shear connection ( ) is compared to the response of the frame model characterized by deformable shear connection with ψ = 1.0 and slip restrained at the central beam-column nodes only (frame model 10TC). The differences in the displacement response between the two models are clearly noticeable. Taking the response of the monolithic frame as reference, the difference in magnitude of the positive and negative peaks is +0.2% and +31.5%, respectively. The maximum absolute difference over the duration of the earthquake is 129.9 mm, and the average absolute difference is 22.5 mm. It is observed that in the case of the monolithic frame, the displacement response oscillates around the static displacement response due to gravity loads only, which is not the case for the frame with deformable shear connection. Fig. 10 shows the effect of the connection strength by comparing the cases ψ = 1.4 and ψ = 0.6. Both models (frames 14TC and 06TC) have slip restrained at the central beam-column nodes only and same mass distribution. Taking the case ψ = 1.4 as reference, the difference in magnitude of the positive and negative peaks is -5.3% and +1.9%, respectively. The maximum absolute difference over the duration of the earthquake is 48.6 mm, and the average absolute difference is 8.8 mm. Fig. 11 shows the effect of slip boundary conditions on the roof horizontal displacement by considering two extreme cases, namely slip (i) restrained (frame model 10TA) and (ii) unrestrained (frame model 10TN) at all beam-column joints. Taking frame model 10TA as reference, the difference in magnitude of ψ ∞ = 15 the positive and negative peaks is -16.5% and +5.7%, respectively. The maximum absolute difference over the duration of the earthquake is 95.8 mm, and the average absolute difference is 14.1 mm. The effect of the mass distribution observed by comparing the roof displacement responses of models 10SC and 10BC is small (Zona el al. 2007 ) with maximum difference of -4.2% taking frame model 10SC as reference (Table   3) . A larger effect due to structural damping is observed by comparing the roof displacement responses obtained from frame model 10TC for ξ = 0.05 and ξ = 0.01, respectively. Taking the case ξ = 0.05 as reference, the difference in magnitude of the positive and negative peaks is +5.8% and +16.6%, respectively (Table 3) . To evaluate the influence of a different seismic excitation, Fig. 12 presents the roof displacement responses for the same models (monolithic frame and frame 10TC) as in Fig. 9 subjected to the (less intense) Imperial Valley earthquake. Again, the difference in the two model responses is evident (difference in magnitude of the positive and negative peaks = -1.5% and +40.8%, respectively, maximum absolute difference = 108.6 mm, average absolute difference = 51.2 mm). These results are consistent with those of Bursi et al. (2005) who also investigated the effect of partial composite action on the seismic response of SCC structures. However, Bursi et al. (2005) did not investigate the effects of slip boundary conditions and mass distributions, and assumed a level of viscous damping dependent on the degree of shear connection (i.e., the weaker the connection, the higher the damping). Therefore, their studies did not allow to quantify the individual effects of the level of damping and the degree of shear connection.
The peak interstory drifts (defined as the percentage ratio d r /h, where d r = peak interstory drift and h = story height) for selected frame models subjected to the Northridge earthquake are reported in Table 3 .
Using frame model 10TC with ξ = 0.05 as reference, it is observed that for a given story the differences in peak interstory drift obtained from the various models vary in the range [-10 .5%, +16.8%], which is of width similar to the difference in peak interstory drift predicted based on the frame model with monolithic beams (maximum difference of -24.4%). Table 4 reports the positive and negative peak values of the interstory shears obtained from the response history analyses (for the Northridge earthquake input) of the same frame models as in Table 3 . Fig. 13 represents graphically the interstory drift and shear demands for the 16 frame model with monolithic beams and frame model 10TC (with ξ = 0.05) subjected to the Northridge earthquake input. Thus, response simulation of SCC frame structures modeled using frame elements with deformable shear connection (as compared to monolithic frame elements) leads to: (i) larger seismic demand in terms of floor displacements and interstory drifts; (ii) lower seismic demand in terms of interstory shears. As expected, the interstory shear demand increases with the overall stiffness of the frame model (as measured by the fundamental period of the model). It is also important to note that the viscous damping ratio (in the range ξ = 0.01-0.05) is the modeling parameter (among the ones considered in this study) to which the maximum (over all stories) peak interstory shear is most sensitive. This conclusion is also corroborated by other analysis results (based on other combinations of modeling parameters/assumptions and the Imperial Valley earthquake input) not presented here due to space limitation.
Local response results
This section presents a selection of local response results of interest. Fig. 14 shows a comparison of the bending moment -curvature responses (for the Northridge earthquake) at beam section A defined in Fig. 8, obtained from the frame model with monolithic beams and frame model 10TC (both with ξ = 0.05). The bending moment is computed at the steel-concrete interface level in the composite beam cross-section. A significant difference is observed in the results obtained from the frame model with monolithic beams and frame models using beams with deformable shear connection. Fig. 15 shows the same comparison, but between frame models 10TA and 10TN, to study the effect of different slip boundary conditions. It is seen that the presence of slip constraints (at all beam-column joints) has the effect of increasing significantly the bending moment demand while reducing the curvature demand. It was verified that these local response results for the considered SCC frame with deformable shear connection converge to their counterparts for the corresponding frame with monolithic beams as the strength (and therefore stiffness) of the shear connection increases (i.e., increasing ).
Interlayer slip response envelopes (over the entire response histories for the Northridge earthquake) along restrained at the beam-column joints along the central column). These results correspond to a degree of shear connection ψ = 1.0, damping level ξ = 0.05, and the Northridge seismic input. As expected, the magnitude and spatial distribution along the beams of the interlayer slip are strongly influenced by the slip boundary conditions. It is interesting to observe that peaks in the slip distribution along the beams occur at locations where a concentrated bending moment is transferred (from a column) to the steel beam and concurrently the slab is free to slip. This is due to the enforcement of the contact between the steel beam and concrete slab components of the SCC beams, which results into an equal curvature constraint between these two components. Thus, the application of a concentrated bending moment to the steel beam of a SCC beam produces locally a curvature increase in both the steel beam and concrete slab, which in turn causes a large strain discontinuity (i.e., large slip gradient, see Eq. (3)) at the steel-concrete interface. The effect of the degree of shear connection on the interlayer slip response is shown in Fig. 19 where the slip envelopes for the SCC beam along the second floor are given for models 06TC, 10TC and 14TC. These results correspond to the same slip boundary conditions, i.e., slip restrained at the beam-column joints along the central column. For these three cases, the peak slip (over all floors) is 2.82 mm (ψ = 0.6), 2.46 mm (ψ = 1.0), and 2.14 mm (ψ = 1.4), i.e., the peak slips for the weaker and stronger connection are about 15% more and 13% less, respectively, than the peak slip of the intermediate connection strength.
Similar results (not shown here due to space limitations) for local response and how they are affected by various modeling assumptions/parameters were obtained for the lower level of damping (ξ = 0.01) and the other earthquake input (Imperial Valley earthquake). It was also found that different mass distributions between the two components of the SCC beams have a negligible effect on the local response results considered here .
CONCLUSIONS
This paper focuses on vibration analysis and dynamic nonlinear analysis of steel-concrete composite (SCC) frame structures through finite element analysis using frame elements with deformable shear connection. Realistic hysteretic constitutive models are adopted for the concrete, reinforcement steel, beam steel and shear connection. The response prediction capability of this type of finite element models of SCC frames is validated using experimental results available in the literature for composite frame sub-assemblages subjected to cyclic loading.
In order to gain better insight into the natural vibration characteristics and nonlinear seismic response behavior of SCC frame structures and how corresponding numerical predictions are affected by various modeling assumptions and parameters, a realistic 5-story 2-bay moment resisting frame made of steel columns and composite beams was adopted as basic SCC frame testbed structure. This structure was designed for three degrees of shear connection (partial, full with minimum strength requirement, and full with higher strength). For each of these designs, parametric finite element studies were performed by varying modeling parameters (within a reasonable range) and assumptions, namely (i) interlayer slip boundary condition, (ii) mass distribution between the concrete slab and steel beam components of the composite beams, and (iii) level of viscous damping used to model the various sources of energy dissipation not related to material hysteretic behavior. The seismic response was simulated for two different historic earthquakes corresponding to two different hazard levels.
The following remarks are made by comparing simulation results obtained from frame models with monolithic beams and frame models with beams including deformable shear connections. The shear connection deformability has a significant effect on the lower natural frequencies and global seismic response of the SCC frames analyzed, i.e., increase of modal periods, floor displacements and interstory drifts, and 19 decrease of interstory shear demand. These effects are amplified when slip constraints are not present at any beam-column joints, and for low values of shear connection strength (degree of shear connection) and hence connection stiffness. It was found that the mass distribution between slab and steel beam has a minor influence on the natural frequencies and global dynamic response behavior of the SCC frames considered.
Thus, a proper representation of the slip boundary conditions for all composite beams is crucial for accurate response simulation.
In addition to the study of the effect of partial composite action in the global response prediction, a frame model with deformable shear connection also provides useful information on the response of the shear connection itself. This local response prediction, obtained at a relatively low additional computational cost (as compared to frame models with monolithic beams), allows evaluation of the shear connection behavior under dynamic/seismic load. The results show that (i) both the magnitude and spatial distribution along the beams of the interlayer slip are strongly influenced by the slip boundary conditions, (ii) the degree of shear connection influences only the magnitude of the interlayer slip, and (iii) the mass distribution between the concrete slab and steel beam components has negligible effects on the shear connection response.
In terms of recommendations for finite element modeling of SCC frame structures, the following remarks are made based on the results obtained in this study:
(i) Use of frame finite elements with deformable shear connection is essential to predict accurately the structural response of SCC frame structures and necessary to simulate the response of the shear connection in terms of interface slip and shear force.
(ii) Proper representation of the slip boundary conditions of the shear connection at beam-column joints is crucial for accurate response prediction, both at the global and local levels. At beam-column joints where the column passes through the concrete slab, slip between steel beam and concrete slab is prevented and a slip constraint should be applied in the finite element model. In other situations (e.g., at roof level, at external columns), unless appropriate construction details are employed, interface slip cannot be completely avoided and thus slip constraints should not be applied.
(iii) The degree of interaction of the composite beams affects significantly the overall stiffness and dis-20 placement/deformation demand. Thus, the stiffness properties (correlated to the strength) of the shear connections must be specified accurately. The connection model used in this study allows to define explicitly both the initial stiffness and strength of the shear connections.
(iv) The amount of viscous damping used in finite element models of SCC structures has a significant effect on their simulated seismic response. Only scarce information is available on appropriate values of viscous damping ratios to be used in modeling SCC frame structures. The two values used in this study (i.e., 0.01 and 0.05) can be viewed as reasonable lower and upper bounds when energy dissipation due to material hysteretic behavior is already modeled explicitly.
(v) The mass distribution between the steel beam and concrete slab components of composite beams is of minor importance with respect to the simulated response (both at the global and local levels) of SCC frame structures. Thus, for ordinary cases, detailed information on mass distribution between beam and slab is not required. 
